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Abstract 

Background: In the laboratory, the Drosophila melanogaster heat shock protein Hsp90 can buffer the phenotypic 
effects of genetic variation. Laboratory experiments either nnanipulate Hsp90 activity pharmacologically, or they 
induce mutations with strong effects in the gene Hsp83, the single-copy fly gene encoding Hsp90. It is unknown 
whether observations from such laboratory experiments are relevant in the wild. 

Results: We here study naturally occurring mutations in Hsp83, and their effects on fitness and phenotypic 
buffering in flies derived from wild populations. We examined more than 4500 flies from 42 Drosophila populations 
distributed world-wide for insertions or deletions of mobile DNA in or near the Hsp83 gene. The insertions we 
observed occur at low population frequencies, and reduce Hsp83 gene expression. In competition experiments, 
mutant flies performed much more poorly than wild-type flies. Mutant flies were also significantly less fecund and 
shorter-lived than wild-type flies, as well as less well buffered against cryptic deleterious variation, as we show 
through inbreeding experiments. Specifically, in Hsp83 mutant flies female fecundity dropped to much lower levels 
after inbreeding than in wild-type flies. At even slightly elevated temperatures, inbred mutant Hsp83 populations 
went extinct, whereas inbred wild-type populations persisted. 

Conclusions: Our work shows that Hsp90, a regulator of the stress response and of signaling, helps buffer 
deleterious variation in fruit flies derived from wild population, and that its buffering role becomes even more 
important under heat stress. 



Background 

How does genotypic variation affect phenotypic varia- 
tion? And how might genes modulate the relationship 
between genotype and phenotype? These are central 
questions in evolutionary biology. In recent years, it has 
become clear that some genes play a special role in this 
relationship. These genes encode chaperones, proteins 
that assist other proteins in folding, and that can help 
refold misfolded proteins [1-3]. Protein misfolding can 
result from mutations in protein coding regions [3,4]. It 
can also result from environmental changes, such as 
heat stress, which can lead to protein denaturation [5]. 
Because proteins are involved in forming and maintain- 
ing every phenotypic trait, misfolded proteins often have 
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detrimental effects on phenotypes [2,3]. Proteins that 
can mitigate these effects can render organisms more 
robust against genetic or environmental perturbations. 
Thus, chaperones are one of several ways in which phe- 
notypes can become robust to genetic and environmen- 
tal change [6]. Robustness to genetic and environmental 
change are often associated with one another [7-11], 
although exceptions may exist [12]. On evolutionary 
time scales, robustness to genetic change has an impor- 
tant consequence on the genetic constitution of a popu- 
lation: It allows mutations to accumulate that are not 
phenotypically visible, precisely because phenotypes are 
robust to such mutations. The resulting genetic varia- 
tion is often also called cryptic variation [13,14]. Such 
variation need not stay cryptic forever, however. It can 
become phenotypically visible in the presence of yet 
other mutations or after environmental change 
[7,14-16]. The resulting phenotypic change can be 
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detrimental, but also beneficial, leading to new evolu- 
tionary adaptations [8,10,15,17]. The earliest hints that 
cryptic variation exists, and that it can be transformed 
into new phenotypes came from experiments by Wad- 
dington which induced new phenotypes through envir- 
onmental change, and which demonstrated that the 
induced phenotypic changes can have a genetic basis 
[18]. In the recent past, many further studies have 
demonstrated the existence of cryptic variation, and its 
potential phenotypic consequences. These studies 
focused on a broad range of phenotypes, from molecular 
phenotypes to macroscopic traits of multicellular organ- 
isms [16,19-22]. 

Because chaperones help confer robustness, their 
activity is also a prominent cause of cryptic variation 
[3,8,23]. An especially important chaperone is the heat 
shock protein Hsp90, which occurs in many organisms 
that range from microbes to humans [1,20,24,25]. What 
makes Hsp90 unique is that its "client" proteins, pro- 
teins whose integrity it helps maintain, are extremely 
diverse, and that they are involved in cell communica- 
tion and signaling processes [1,5]. Such processes are 
especially important while a complex organism with 
many macroscopic traits develops from a single cell. In 
other words, Hsp90 affects development and thus 
macroscopic phenotypes. For example, impairing Hsp90 
function through engineered mutations or pharmacolo- 
gical treatment-both in the laboratory- can increase phe- 
notypic diversity in organisms as different as Drosophila, 
Arabidopsis, and zebrafish [7,16,26]. This phenotypic 
diversity is a reflection of genotypic diversity, that is, of 
variation that was cryptic before Hsp90 function was 
impaired [24]. 

With some exceptions [8,15,27], most experiments 
that studied Hsp90's effects on fitness and variation buf- 
fering focus on laboratory strains [24,28-30]. In addition, 
they use strong gain-of-function or loss-of-function 
mutations with dramatic, often lethal phenotypic effects 
[31,32]. Such mutations can usually not be maintained 
as homozygotes, and would rarely if ever be tolerated in 
a wild population [16,32,33]. Even disruption of Hsp90 
expression through RNA interference may have large 
effects on phenotypes [15]. Other ways of manipulating 
Hsp90 activity include the use of pharmaceuticals 
known to interact with Hsp90, such as geldanamycin 
[7,8,16], which wild populations may also rarely 
encounter. 

In contrast to such strong, artificial manipulations in 
the laboratory, one might expect to encounter mutations 
with milder effects in the wild, such as regulatory muta- 
tions that affect gene expression. In the fruit fly Droso- 
phila, a specific class of such regulatory mutations are 
indeed well known to affect the expression of heat 
shock genes [34]. These mutations are insertions of a 



transposable element, the P-element, into the regulatory 
region of heat shock genes. Such mutations have been 
characterized for a variety of heat shock genes, including 
Hsp83, Hsp70, Hsp67Ba, Hsp27, Hsp26, Hsp23, Hsp22, 
and HsrcD [34,35]. They affect gene expression, thermo- 
tolerance [35-37], development [35] and longevity [35]. 
The likely reason why P elements often insert into these 
genes' regulatory regions is their high expression level, 
which requires a de-condensed and nucleosome-free 
chromatin conformation near the gene [38,39]. Such an 
"open" chromatin conformation makes a gene suscepti- 
ble to insertion by transposable elements [34]. 

In the fruit fly Drosophila, where the role of Hsp90 in 
variation buffering was first discovered [16], Hsp90 is 
encoded by the single copy essential gene Hsp83, This 
gene is expressed at higher levels during normal devel- 
opment than some other heat shock proteins, including 
Hsp22, Hsp23, Hsp26, Hsp27, and Hsp70 [40,41]. Hsp90 
is expressed constitutively, and at higher levels than 
required for its function under normal conditions [5,24]. 
Taken together, these observations make Hsp83 a good 
candidate for transposable element insertions in wild 
populations as well. The work we report below is the 
first to isolate such naturally occurring variants of 
Hsp83 and to characterize their effect on gene expres- 
sion and fitness. Because Hsp83 has been associated 
with variation buffering, the question whether such 
mutants alter variation buffering is intriguing. We show 
that they indeed do. 

Observations made with laboratory populations often 
do not apply to wild populations [42]. This holds espe- 
cially when a population's evolutionary and genomic 
background matter, because wild populations have a his- 
tory of inbreeding and selection that is different from 
laboratory populations [43]. For example, laboratory 
genetic mapping revealed a strong association between 
regulatory polymorphisms at the hairy locus and varia- 
tion in sternopleural bristles. However, the same asso- 
ciation does not exist in wild-caught flies [44]. A 
comparative study on 29 strains of D. melanogaster 
found that even central life history traits such as longev- 
ity can be highly strain-specific [45]. More generally, 
artificially selected phenotypes can only partly predict 
fitness components estimated in the field [46]. Thus, 
some observations derived from laboratory studies have 
dubious validity until confirmed also in the wild. 

In this work, we first screened more than 4,500 flies 
from 42 world-wide Drosophila populations, and identi- 
fied P-element insertions near the Hsp83 gene in three 
of these populations. We verified that these insertions 
indeed reduce Hsp83 gene expression. We then showed 
that flies with these mutations have lower competitive 
fitness, as well as lower fecundity and longevity. These 
effects occur in all three genetic backgrounds. We next 
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used inbreeding experiments, which can increase homo- 
zygosity of deleterious alleles, to reveal cryptic deleter- 
ious mutations. These experiments showed that flies 
with reduced Hsp83 expression from all three popula- 
tions can buffer deleterious variation much less well. 
Even mild environmental stress reduced the buffering so 
dramatically that populations went extinct. Experiments 
like these would have been impossible with strong 
laboratory mutations. The mild mutations we use 
allowed us to determine that wild-derived flies with 
even modest expression changes in the gene encoding 
Hsp90 show altered fitness and variation buffering that 
can be very strong on short evolutionary time scales. 

Results 

Hsp83 regulatory mutations exist in three out of 42 
natural populations 

In natural populations of D. melanogaster, the promo- 
ters of heat-shock genes are especially susceptible to the 
insertion of transposable elements. More than 96 per- 
cent of the transposable elements occurring in heat- 
shock promoters are P-element insertions. The promo- 
ter of Hsp83 is no exception [34,35]. For example, rates 
of transposable element insertions in single-copy heat 
shock promoters are estimated to be 14.7 times higher 
than the average rate of transposable element insertions 
in promoter regions of non-heat shock genes [34]. They 
are up to two times higher than the rate at which other 
insertion/deletions occur in non-coding regions of the 
fly genome [47]. Therefore, transposon insertion is a 
prominent candidate source of mutations for Hsp83, 
and makes such insertions an ideal object to study nat- 
ural variation in Hsp83, To discover naturally occurring 
mutations in the HspSS promoter, we screened 42 
strains derived from natural populations of D. melano- 
gaster collected around the world (see the sample infor- 
mation in Figure lA and in additional file 1). We aimed 
at discovering insertion/deletion mutations through 
electrophoretically detected length polymorphisms in 
PGR products amplified from the HspSS gene and its 
flanking regions. The PGR method we employed for 
HspSS gene-specific small fragment amplification (see 
Materials and Methods) is proven to be highly sensitive 
in detecting any insertion/deletion mutation. After hav- 
ing screened about 4500 flies from all 42 populations, 
we did not find any insertion polymorphism in the 
HspSS coding region. However, we did find insertion 
polymorphisms in the promoter region. They occurred 
in three separate populations, one from Okayama, 
Japan, a second population from Tokyo, Japan, and a 
third population from the Ivory Goast, Africa (See addi- 
tional file 1). 

Sequencing of the mutated gene region showed that 
the mutations were caused by insertion of non- 
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Figure 1 D. melanogaster sample locations, schematic gene 
structure of Hsp83, and the P element insertion site. (A) 

Distribution of tine natural fly populations collected around the 
world. Dots indicate the collection sites. The three red dots indicate 
the samples where a P element insertion into Hsp83 was found. The 
finnish population (F15 in additional file 1) is not shown. (B) Intron- 
exon organization of Hsp83 and the insertion of a P element into 
the proximal promoter of Hsp83. Below the HspSS gene structure an 
enlargement of the organization of c/s-regulatory elements HSCl, 
HSC2 and HSC3 in the HspSS promoter region is shown. The 8-bp 
sequence (CTCTAGAA) flanking the P element is a direct repeat of 
the heat shock consensus elements created by the P-element 
insertion. The arrow above the P element shows the element's 
orientation. HSC, heat-shock consensus element (Xiao and Lis 1989). 
The structure is not drawn to scale. 



autonomous P elements, i.e., the elements contain an 
internal deletion, and therefore cannot encode the func- 
tional transposase needed to mobilize the elements in 
genome. The P element insertions are identical in the 
three populations with respect to their insertion posi- 
tion, orientation and length as well as their flanking 
sequence (Figure IB). The insertion is 1250 bp long and 
occurred 82 bp upstream of the transcription starting 
site of HspSS, The inserted P-element disrupts the char- 
acterized regulatory sequences of HspSS [40,48] . Specifi- 
cally, it integrated into an array of three heat-shock 
consensus elements that regulate HspSS expression 
[40,48]. Its integration moved one of these elements 
(HSC3 in Figure IB) further away from the transcription 
start site, while at the same time creating an 8-bp 
(CTCTAGAA) direct repeat of the same element (Figure 
IB). For further analysis, we established isogenic lines 
homozygous for the insertion mutation with individuals 
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from each of the three populations where they occurred 
(Okayama, Tokyo, and Ivory Coast). We named their 
genotypes Hsp83^'^. We also established isogenic lines 
homozygous for the wild-type Hsp83 gene from the 
three populations, and named them Hsp83^'^, We note 
that the two Japanese populations and one African 
population had been collected in different years and 
maintained in different laboratories or stock centers (see 
Materials and Methods), thus making cross-contamina- 
tion unlikely. Although the genotypes at the insertion 
site are identical, and may be derived from the same 
insertion event, the lines have different genetic back- 
grounds that result from the different geographic origin 
of their source populations. 

P-element insertion mutations reduce Hsp83 gene 
expression at both normal and elevated temperatures 

Because the P-element integration disrupted this regula- 
tory region, one would expect that this mutation affects 
Hsp83 gene expression. To validate this expectation, we 
performed real-time quantitative PGR to measure Hsp83 
mRNA expression levels in third-instar larvae. We found 
that at normal temperatures (25°C) Hsp83 mRNA levels 
in mutants were reduced to 59.3 percent of the wild- 
type in the Okayama lines, to 68.0 percent of the wild- 
type in the Tokyo lines, and to 55.5 percent of the wild- 
type in the Ivory Coast lines (Figure 2). This reduction 
also extended to high temperatures. Specifically, flies 
cultured at 28°C for one generation decreased Hsp83 
expression to 50.6 percent of the wild-type in the 
Okayama lines, to 62.7 percent of the wild-type in the 
Tokyo lines, and to 61.2 percent of the wild-type in the 
Ivory Coast lines. Cultivation at the higher temperature 
(28°C) generally decreased Hsp83 expression in both 
mutants and wild-type flies from the three populations 
(Figure 2). 

These analyses were based on chromosomal alleles of 
Hsp83, It is possible that the observed changes in Hsp83 
expression are not caused by these alleles, but by linked 
alleles at other loci that are in strong linkage disequili- 
brium with the Hsp83 alleles we study. To exclude this 
possibility, we isolated the wild-type and mutant Hsp83 
promoter from the Okayama population and cloned 
them upstream of a luciferase gene. We then used the 
two resulting constructs to drive luciferase gene expres- 
sion in transient transfection assays of two different 
Drosophila cell lines (S2R+ and Kc) [49] (See additional 
file 2A). In both cell lines, and both under normal tem- 
peratures and after heat shock at 37°C, the mutant pro- 
moter drove expression of the luciferase gene to a low 
level compared with the wild-type promoter. Specifically, 
the mutant promoter lowered luciferase gene expression 
between 11.9 percent (in non-heat shocked Kc cells) 
and 58.6 percent (in heat-shocked S2R+ cells; See 
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Figure 2 Hsp83 gene expression level in larvae of three 
different D. melanogaster populations. Fly lines homozygous for 
the Hsp83 mutant {Hsp83^^^, red) and wild-type {Hsp83^^^, blue) 
strains were reared at two different temperatures (25°C and 28°C) 
for one generation before RNA was extracted. Flies with each 
genotype were isolated from three populations from Ivory Coast, 
Okayama, and Tokyo, respectively, as indicated. Note that Hsp83 
expression in flies maintained at 28°C is downregulated compared 
with flies maintained at 25°C, which stands in contrast with Hsp83 
expression in heat-shocked flies [40]. Hsp83 mRNA was purified from 
at least 20 early third-instar larvae, and quantified using real-time 
PCR. The expression of the housekeeping gene actinSSF was used 
as an endogenous loading control. Expression levels of Hsp83 are 
measured relative to the expression of actinSSF. Triplicate PCRs 
were performed for each mRNA sample. 



additional file 2B). Taken together, these observations 
show that the P-element insertion mutants we study 
cause a reduced expression of the Hsp83 gene in three 
different genetic backgrounds. This reduction is caused 
by reduced activity of the mutant Hsp83 promoter, and 
not by indirect effects of alleles at loci linked to Hsp83, 

Hsp83 mutant alleles have low frequencies in natural 
populations 

To estimate the frequencies of the two Hsp83 alleles 
{Hsp83^ and Hsp83^) in the three source populations 
(Okayama, Tokyo, and Ivory Coast), we ge no typed from 
30 to over 300 flies from these populations (see Materi- 
als and methods). We found no mutant homozygotes in 
two of the populations, and only 0.3 percent of mutant 
homozygotes (i.e., one out of 312 individuals) in flies 
from the Okayama population. Among the flies we 
examined 3.2 percent, 5.5 percent and 15.4 percent were 
heterozygous for the P-element insertion in the 
Okayama, Tokyo and Ivory Coast populations, respec- 
tively. Expressed in terms of mutant allele frequencies in 
the sample of flies we examined, this means that the 
mutant Hsp83 allele had a low frequency of 1.5 percent 
in Okayama flies, 3.8 percent in Tokyo flies, and 7.7 
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percent in Ivory Coast flies. Only the genotype frequen- 
cies in the Okayama population significantly departed 
from Hardy- Weinberg equilibrium (x^ test, p = 0.037; 
See additional file 3). 

We also attempted to identify nucleotide polymorph- 
isms, but found only one polymorphism in a total of 
3920 bp sequenced nucleotides, both upstream and 
downstream of the insertion site, in 23 flies of the 
Okayama population. These observations are consistent 
with previous work indicating that Hsp83 coding and 
regulatory regions show very little sequence polymorph- 
isms [50]. 

The Hsp83 gene is located close to the breakpoint of 
the cosmopolitan inversion Inv(3L)P [51]. We wished to 
determine if any phenotypic effects of the Hsp83 muta- 
tion may have been indirect, caused by the inversion 
and its association (linkage disequilibrium) with the 
Hsp83 mutation. To this end, we scored the inversion 
Inv(3L)P polymorphisms in the two natural populations 
Okayama and Ivory Coast. We found no evidence of 
linkage disequilibrium with the Hsp83 alleles (Fisher's 
exact test, p > 0.05), and only rare inversion arrange- 
ments in flies with either Hsp83 genotype (See addi- 
tional file 4). Thus, the phenotypic effects of Hsp83 
mutations cannot be attributed to effects of the cosmo- 
politan inversion Inv(3L)P, 

Hsp83 transposon insertion mutants show lower fitness in 
competition assays 

The low population frequency of heterozygotes for the 
Hsp83 mutant allele, and in particular the near absence 
of mutant homozygotes in flies derived from wild popu- 
lations, suggest that carriers of the mutant allele have 
lower fitness. To validate this observation we let wild- 
type and homozygous mutant flies compete with each 
other in a co-culture competition assay at 25°C. We per- 
formed two variants of this assay. In the first, we seeded 
populations with 50 virgin wild-type flies, and another 
50 homozygous virgin mutant flies. Thus, in this assay, 
the initial frequency of the mutant allele was 50 percent. 
We propagated individuals from these populations for 
five generations (including the parental generation). In 
every single assay population, the mutant {Hsp83^) allele 
frequency decreased over the course of the experiment 
(Figure 3). Specifically, the Hsp83^ allele arrived at fre- 
quencies of 20, 30 and 7.5 percent after 5 generations in 
flies from the Okayama, Tokyo and the Ivory Coast 
populations, respectively. The three populations showed 
significant differences in the mutant allele frequency in 
co-culture (ANOVA: ^2,12 = 41.242, p < 0.001), indicat- 
ing that genetic background also has an influence on 
competition outcome. 

The second variant of the assay that we performed 
involved only individuals from the Okayama population. 




Figure 3 Mutant flies have lower relative fitness in a co-culture 
competition assay. We determined the relative fitness of mutant 
and wild-type individuals through a co-culture competition test 
lasting five generations at 25°C. For this test, we had obtained flies 
isogenic and homozygous for Hsp83^''^ and Hsp83'^^^ from the 
Okayama, Tokyo, and Ivory Coast populations, as described in the 
main text. We seeded three co-cultures with an equal number of 
flies of the mutant and wild-type genotype in three parallel co- 
culture competition experiments started with individuals from the 
Okayama (filled diamonds), Tokyo (filled cycles), and Ivory Coast 
population (filled triangles). We seeded two further co-culture 
competition experiments with lower percentages of mutant flies (30 
and 10 percent, open diamonds) from the Okayama population. 
Each seeding population comprised 100 flies. We genotyped fifty 
flies in each generation. Note the consistent decrease in allele 

frequencies in most lines as time progresses. 
I . J 

It started with different proportions of mutant indivi- 
duals. Specifically, it involved two starting populations, 
each consisting of 100 flies, where 30 and 10 flies, 
respectively, were initially homozygous for the Hsp83^ 
allele. In the first population Hsp83^ allele frequencies 
decreased by 89.3 percent. In the second population 
they fluctuated around the initial 10 percent. Both 
populations had a low Hsp83^ allele frequency of 3.2 
percent at the end of this experiment. 

In sum, our observations suggest that in populations 
where mutant flies constitute a substantial fraction of 
the population, they are competitively inferior to wild- 
type flies, and their population frequency declines over 
several generations. The number of individuals we used, 
as well as the consistent genotype frequency changes we 
observe in our replicate competition assays make genetic 
drift an unlikely sole cause of the changes we see. 

Mutant flies are less fecund and live less long, but are no 
less thermotolerant than wild-type flies 

We next asked which component of fitness may be 
responsible for the reduced fitness of Hsp83 mutants. 
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We investigated three fitness components. The first is 
fecundity. The second is longevity. The third is resis- 
tance to environmental high-temperature stress, which 
we studied because Hsp90 is known to be involved in 
thermotolerance. 

We first estimated female fecundity by counting all 
eclosing adults produced by females in isofemale lines 
obtained from the Okayama population (see Materials 
and methods). On average, wild-type females had signifi- 
cantly higher fecundity than mutant females (ANOVA: 
Fi,28 = 20.841, p = 0.002). They produced three times 
more offspring than mutants, as shown in Figure 4A. 
The figure also indicates that different isofemale lines 
show significant differences in fecundity. A statistical 
test confirms this, and also demonstrates the non-negli- 
gible effect of genetic background on fecundity (Nested 
ANONVA: ^8,20 = 3.166, p = 0.017, Figure 4A). 

We next determined the longevity of mutant and 
wild-type genotypes. To this end, we cultured Hsp83^'^ 
and Hsp83^'^ lines in fresh medium at 25°C for the 
whole life of individuals in these lines (see Materials and 
methods), and counted the fraction of individuals that 
survived a given number of days after eclosion (Figure 
4B). The mutant females had an average lifespan of 48.5 
days, 14.9 percent shorter than the average life span of 
wild-type females at 56.9 days, a difference that was 
highly significant (Kruskal-Wallis Test: ^1,387 = 5.194, p 

< 0.001). The mutant males showed a stronger reduc- 
tion in average lifespan, with 43.2 days compared to 
54.6 days in the wild-type. This difference of 20.9 per- 
cent is significant (Nested ANOVA: F^^ 370 = 8.593, p = 
0.019). Levene's test of error variances shows a signifi- 
cant difference in the variance of life span between 
wild-type and mutant lines in females (F9377 = 4.086, p 

< 0.001), but not in males (^9,370 = 1.839, p = 0.060). 
This indicates that the Hsp83 mutation influences not 
only life span, but also its variability, at least for females. 
In sum, flies, especially males, are ageing faster when 
HspSS is mutated. 

Lastly, we measured the basal thermal tolerance and 
inducible thermal tolerance of both the mutant {Hsp83^' 
^) and wild-type {Hsp83^'^) isofemale lines. We did not 
find any significant difference in basal or induced ther- 
motolerance between the genotypes for either males or 
females, (p > 0.05; See additional file 5). 




Figure 4 Wild-type flies are more fecund and live longer than 
mutant flies. (A) Female fecundity (eclosing adults per reproductive 
female) in Hsp83 mutant {Hsp83^^^) and wild-type {Hsp83^^^) 
isofemale lines. Each genotype is represented by five isofemale lines 
labeled one through five. Data for each isofemale line are derived 
from three replicate matings of five males and five females. Error 
bars above each column indicate one standard error of the mean 
derived from the three replicate matings. (B) Cumulative survival 
rate of male and females in HspSS mutant {HspSS^^^) and wild-type 
{HspSS'^^^) isofemale lines. The horizontal axis shows the number of 
days after eclosion, the vertical axis the fraction of surviving 
individuals after a given number of days (i.e., the cumulative 
incidence of survival). Red and blue data were obtained from five 
isofemale lines of HspSS^^^ mutants and HspSS^^^ wild-type 
genotypes, respectively. 



Inbreeding shows that wild-type Hsp83 alleles buffer 
phenotypic expression of cryptic genetic variation better 
than mutant alleles 

Inbreeding causes increased homozygosity at multiple 
genomic loci, and will thus expose phenotypic effects of 
recessive alleles to natural selection [52]. Such effects 
are usually deleterious. They are not apparent in out- 
breeding populations, where recessive alleles mostly 



exist in heterozygotes. In other words, outbreeding 
populations contain cryptic genetic variation-variation 
without phenotypic effects-at loci harboring recessive 
alleles. In inbreeding populations, this variation becomes 
phenotypically visible through its deleterious effects. 
One of the best-studied aspects of Hsp90 function in 
laboratory populations is the ability of Hsp90 to buffer 
the phenotypic effects of genetic variation [7,8,16,22]. 
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With these observations in mind, we asked whether the 
natural Hsp90 mutants we study here are impaired in 
their ability to buffer cryptic variation that can be 
revealed by inbreeding. Such an observation would pro- 
vide evidence that Hsp90's buffering ability is not just 
restricted to laboratory populations. 

To answer this question, we established 42 parallel 
inbred fly populations. Of these populations, 21 were 
homogenous for Hsp83 wild-type {Hsp83^'^), and 21 for 
Hsp83 mutant {Hsp83^'^) genotypes, respectively. More 
precisely, for each of the Okayama, Tokyo, Ivory Coast 
source populations, we established seven inbred popula- 
tions with each of the two genotypes and propagated 
them at 25°C (see Materials and methods; Additional file 
6). In each generation, we sampled 4 males and 4 females 
from each inbred population to create subsequent gen- 
erations, and continued this process for 4 generations. As 
a measure of inbreeding depression-the deleterious 
effects of inbreeding on fitness-we estimated female 
fecundity by mating 4 virgin females and 4 males from 
each generation, and counted all offspring they produced 
within 30 days (See additional file 6). We now discuss 
results from each of the three lines in turn. First, in the 
inbred line from the Okayama population, wild-type 
females did not become significantly less fecund until 
generation 4 {t test: p = 0.051; Figure 5). In contrast, in 
the mutant line even one generation of inbreeding 
already caused a significant decrease in fecundity {p = 
0.023), and by generation four fecundity had been 



reduced by 46.8 percent in the mutant. Second, in the 
inbred line from the Tokyo population (Figure 5), females 
did not become significantly less fecund in the wild-type 
after four generations {p > 0.05), indicating that the wild- 
type is well-buffered against short-term inbreeding. In 
contrast, females in the mutant population had become 
significantly less fecund after four generations (t test: p = 
0.010; 23.2 percent reduction relative to the first genera- 
tion). The Ivory Coast lines, finally, showed much lower 
initial fecundity than the other two inbred lines. Wild- 
type females showed no significant decrease in fecundity 
after four generations of inbreeding {p = 0.082), whereas 
mutants became significantly less fecund {p = 0.026, 30.7 
percent reduction). In the four generations of inbreeding, 
the three populations showed significantly different 
fecundity within both the wild-type (^2,80 = 31.561, p < 
0.001) and mutant genotypes (^2,73 = 12.880, p < 0.001). 
This indicates that effects of genetic background are 
important for our analysis and cannot be neglected. In 
sum, our analyses of inbred lines show that individuals 
with wild-type Hsp83 alleles buffer cryptic deleterious 
variation more effectively than mutant individuals. Hsp83 
thus helps buffer cryptic deleterious variation in flies 
derived from wild populations. 

Hsp83 is even more important for cryptic variation 
buffering under mild heat stress 

The preceding experiments showed that mutant Hsp83 
alleles buffer cryptic deleterious variation to a lesser 
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Figure 5 Wild-type Hsp83 alleles can buffer cryptic deleterious variation caused by inbreeding. Each panel shows changes in female 
fecundity (vertical axes) over 3-4 generations (horizontal axes) of inbreeding in fly populations containing either Hsp83 mutant or wild-type 
alleles. Seven lines homogenous for Hsp83 wild-type {Hsp83^^^) and for HspSS mutant {Hsp83^^^), respectively, were isogenized from each of 
three populations Okayama, Tokyo, and the Ivory Coast. In each generation, four virgin females and four males of an isofemale line were crossed 
to reproduce the next generation. All offspring produced within 30 days were counted as a measurement of female fecundity. Error bars 
indicate one standard error of the mean for the 7 isofemale lines. Independent-sample t-tests were performed to calculate the significance of 
fecundity difference between generation one, on the one hand, and generations 2-4, on the other hand. Asterisks indicate significant differences 
in fecundity to generation one: at p < COSC") and p < 0.01(**). 
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extent than wild-type alleles. We next asked whether 
high temperatures further exacerbate this difference. 
The rationale for this question is that Hsp90 is 
involved in the heat stress response. When exposed to 
heat stress, free Hsp90 will be diverted from its inter- 
actions with signaling proteins to help renature excess 
misfolded and aggregated proteins [1,24]. As a result, 
less Hsp90 protein may be available for signaling and 
buffering. To answer this question, we performed mild 
inbreeding at 28.0°C with the same methods for cross- 
ing of flies within inbred lines as used in the preceding 
experiments. The starting isofemale lines were also the 
same, except that we began to rear flies at 28.0°C 
when they eclosed (See Materials and methods; See 
additional file 6). In these experiments, wild-type flies 
from the Okayama and Tokyo populations retained 
high fecundity over three generations of inbreeding, 
while wild-type flies from the Ivory Coast populations 
significantly {p < 0.05) declined in fecundity after the 
first generation. All three populations persisted over 
three generations of inbreeding. In stark contrast to 
this persistence, lines with mutant Hsp83 alleles from 
the three populations went extinct after the first gen- 
eration, because their fecundity had been reduced to 
almost zero (Fecundity loss significant at < 0.001; 
Figure 6). This observation underscores that Hsp90 is 
important to buffer deleterious variation not only at 
normal temperatures, but even more so under thermal 
stress. 



Outbreeding of a previously inbred population reduces 
homozygosity of deleterious recessive alleles. If our 
assertion that wild-type Hsp83 buffers deleterious varia- 
tion is correct, then outbreeding should restore the 
fecundity lost during inbreeding, and especially in 
mutant lines where this loss is most severe (Figure 5 
and 6). To ask whether this is the case, we used flies 
from the Ivory Coast population, where the fecundity 
loss had been especially severe at 28°C (Figure 6). We 
crossed flies derived from the different inbred isofemale 
lines with each other and examined their fecundity. In 
this way, we established populations that were outbred 
and contained either only Hsp83 mutant alleles, only 
wild-type alleles (See additional file 7A, "between-line" 
crosses), or a 1:1 mix of mutant and wild-type alleles 
(See additional file 7A, "between-genotype" crosses). 
The outbred populations show significant increases in 
fertility relative to their inbreeding controls {p < 0.05). 
Specifically, outbreeding of populations that contained 
only mutant alleles {Hsp83^'^ x Hsp83^'^ in "between- 
line" crosses) increased fecundity from zero (after 
inbreeding at 28.0°C) to 12 individuals per female (Fig- 
ure 6 and S4B). This change in fecundity was highly sig- 
nificant (p < 0.001), indicating that outbreeding rescued 
the fecundity loss during inbreeding at mild heat stress. 
Wild-type alleles of Hsp83 helped increase fecundity 
even further. Specifically, the fecundity of outbred popu- 
lations with both allele types {Hsp83^'^ x Hsp83^'^; 
"between-genotype" cross in additional file 7B) was 167 




Generation 

Figure 6 Mild hieat stress impairs the buffering ability of mutant Hsp83 enough to cause population extinction The horizontal axis 

shows time in generations after inbreeding lines had been established. The vertical axis shows the average number of offspring a female 

produces, i.e., female fecundity. Seven lines homozygous for wild-type Hsp83 {Hsp83'^^^, blue) and for mutant Hsp83 {HspSS'^^'^, red), respectively, 

were isogenized from each of the three geographic populations we studied here. From each isofemale line, four 3-day-old virgin females and 

four males were placed in a vial and allowed to mate to create the first generation. Subsequent generations were also produced from matings 

between four 3-day-old virgin females and four males. All offspring produced within 30 days were counted to estimate the fecundity per female. 

Error bars indicate one standard error of the mean among the 7 isofemale lines. Independent-sample t-tests were performed to ask whether 

fecundity differed between generation 1, on the one hand, and generation 2-3, on the other hand. Asterisks indicate significant differences at p 

< O.OSn and p < 0.001 (***) obtained in these tests. 
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percent higher than for populations with only the 
mutant alleles {Hsp83^'^ x Hsp83^'^) p = 0.018). Out- 
breeding in populations with only wild-type alleles 
{Hsp83^'^ X Hsp83^'^) increased fecundity by an addi- 
tional 70 percent, to a level that was significantly higher 
than in the mixed cross {Hsp83^'^ x Hsp83^'^; p = 
0.013) (See additional file 7B). In sum, wild-type Hsp83 
alleles are much more effective in restoring the fecund- 
ity that is lost after inbreeding. 

Discussion 

We discovered naturally occurring mutants of the Hsp83 
gene with P element insertions in the gene's proximal 
promoter region. These mutants occur in three out of 
42 populations that we examined, and at modest allele 
frequencies, not exceeding 7.7 percent. The mutations 
down-regulate Hsp83 gene expression by 32 percent to 
40 percent, depending on the population. They reduce 
competitive fitness, female fecundity, and longevity. We 
also found that Hsp83 (and possibly linked loci) strongly 
influences the expression of cryptic deleterious genetic 
variation in inbred populations. That is, flies that carry 
the mutant Hsp83 allele are much more poorly buffered 
against such variation than flies with the wild-type allele. 
We found that even mild thermal stress can completely 
break down the impaired buffering associated with 
mutant Hsp83, Specifically, inbred fly populations with 
mutant Hsp83 alleles go extinct at modestly elevated 
temperatures of 28°C. 

To our knowledge, this work is the first to show that 
naturally occurring regulatory mutations of the Hsp83 
gene-a key modulator of the stress response and cellular 
signaling-can affect reproductive success, reduce longev- 
ity, and reduce variation buffering in fruit flies derived 
from wild populations. A previous study on naturally 
occurring Hsp83 variants had identified a nonsynon- 
ymous deletion mutation in the Hsp83 coding region, 
and focused on the effects of this mutation on morpho- 
logical traits, not on fitness components [27]. In addi- 
tion, this study perturbed variation buffering only 
through thermal stress exposure, not through inbreed- 
ing, which is especially useful to reveal expression of 
recessive cryptic genetic variation. Our limited sequence 
polymorphism analysis found only one synonymous 
mutation in the Hsp83 coding region in the flies we stu- 
died, thus making it unlikely that the same deletion 
mutation stands behind our observations. 

Our naturally occurring variants of Hsp83 have fairly 
mild effects compared to some of the drastic perturba- 
tions that earlier laboratory experiments used 
[7,11,16,22,26,32,33]. For example, the reduced expres- 
sion of Hsp83 in our mutants did not significantly affect 
thermotolerance in outbred flies (See additional file 5). 
Working with these mutants has several benefits. First, 



it avoids pharmacological manipulation or structural 
modification of Hsp90, both of which may have 
unknown side effects, for example, by changing the pro- 
tein's molecular interaction partners [1,25]. Second, it 
avoids the use of mutations with drastic expression 
effects, such as engineered homozygous loss-of-function 
mutants [31,32]. Such mutants can only be maintained 
as heterozygotes in the laboratory [16,33]. A continuous 
inbreeding experiment like the one we performed to 
reveal deleterious cryptic variation would be difficult 
with such drastic mutations, partly because homozygote 
offspring would be lethal. In contrast, the mild variants 
we found enabled us to ask whether more Hsp83 means 
better buffering [53]. Finally, they allowed us to study 
flies derived from natural populations, and to examine 
whether laboratory findings on Hsp90 apply to such 
populations. 

A potential disadvantage of working with natural 
populations and the mutants that they contain is that 
each mutant occurs in a different genetic background, 
and that this background can influence observations. 
For example, we found that the genetic background of 
each geographic population influenced the competitive 
ability and fecundity of the flies we studied. However, 
our key observations, for example that Hsp83 can buffer 
deleterious variation in inbreeding lines, and that Hsp83 
mutants show reduced fitness, were consistent across all 
three genetic backgrounds. 

P element insertions are widespread in the Drosophila 
genome, and they are especially abundant in heat-shock 
genes [34,35]. In Japanese natural populations, for exam- 
ple, at least 6 distinct P element insertions exist in the 
heat shock gene Hsp26, and at least 5 distinct insertions 
exist in the heat-shock gene Hsp27 at high population 
frequency [35]. These observations stand in stark con- 
trast to the low frequency of insertions into the Hsp83 
gene. They suggest that the low frequency of P-element 
insertions we observe in Hsp83 are not a consequence 
of a recent insertion, but that it results from natural 
selection against mutant Hsp83, Our observation that 
these insertions are possibly associated with reduced 
competitive fitness, reduced fecundity, and shorter life 
span are fully consistent with this suggestion. The ques- 
tion then arises why we observe any individuals that 
carry P-element insertions in our study populations. 
One possible answer is that the insertion may be neutral 
or even beneficial when heterozygous or when at low 
population frequencies. Our observation that mutant 
allele frequencies did not decline in a competition assays 
seeded with only 10 percent of Hsp83^ alleles are con- 
sistent with this possibility. Moreover, the fitness effect 
of Hsp83^ may depend on the environment to which a 
population is adapted, as has been observed for P ele- 
ment insertions in other heat shock genes [35,54]. In 
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addition, some P-element insertions can help maintain 
tradeoffs between stress resistance and developmental 
homeostasis of flies living in a changing environment 
[34,35,37]. Unfortunately, our data does not allow us to 
answer which of these possibilities is responsible for the 
maintenance of P element insertions at modest frequen- 
cies in our study populations. 

Our observation that mutations in Hsp83 affect 
fecundity is consistent with other reports that Hsp83 is 
involved in reproductive functions. Hsp83 plays a critical 
role in the process of both oogenesis [55] and spermato- 
genesis [56]. For example, HspSS RNA is a component 
of the posterior polar plasm [57], and Hsp90 protein is 
required for localization of maternal mRNA to the pos- 
terior pole, which is essential for development of germ 
cells in the Drosophila embryo [58]. Thus, HspSS is 
involved in the molecular pathways responsible for 
oogenesis and spermatogenesis in D, melanogaster. 

Inbreeding increases the fraction of homozygous loci 
in a genome. Because many alleles are recessive and 
deleterious in the homozygous state [59], inbreeding will 
cause previously cryptic (heterozygous) deleterious var- 
iation to be expressed [52]. Such deleterious variation 
manifests itself as a reduction in one or more fitness 
components, such as fecundity. In our inbreeding 
experiments, we found that wild-type HspSS flies were 
better buffered against the deleterious effects of inbreed- 
ing than mutant flies. Specifically, wild-type HspSS flies 
from all three geographic populations showed no decline 
in fecundity after three generations of inbreeding, and 
only one population showed a small decline (by 14 per- 
cent) after four generations. In stark contrast, mutant 
lines from all three geographic populations showed a 
significant decline in fecundity of up to 47 percent after 
between two and four generations. Genetic polymorph- 
isms are widespread in many populations [47,59], but 
the incidence of cryptic variation is usually unknown for 
wild populations [14,15]. Inbreeding can reveal such var- 
iation. Our experiments demonstrate that cryptic varia- 
tion must be abundant in the populations we studied, 
because inbreeding reduced fecundity substantially. 
Moreover, the experiments show that expression of 
HspSS at wild type levels can buffer the damage caused 
by inbreeding. 

The observation that a chaperone can buffer deleter- 
ious variation is not unprecedented. Over-expression of 
GroEL, a molecular chaperone of Escherichia coli, can 
help overcome the accumulation of deleterious muta- 
tions that occur in E. coli strains with high mutation 
rate [20]. In other words, a chaperone can buffer these 
organisms against deleterious mutations [17,20]. 
Although the sources of deleterious variation-inbreeding 
and mutation accumulation-and the chaperones-Hsp90 
and GroEL-differ in these two organisms, chaperones 



have the same qualitative effect in both cases. However, 
the E. coli strain in which these previous experiments 
were conducted is a laboratory strain. Observations 
made with this strain need not necessarily transfer to 
populations in the wild. 

Three main observations lead us to think that the buf- 
fering capacity of Hsp90 is relevant for wild fly popula- 
tions. First, the flies in which we identified the effects of 
the HspSS mutation all stem from wild populations. Sec- 
ond, although the buffering capacity of Hsp90 varies 
with genetic background, significant buffering did occur 
in all three populations. Third, the regulatory mutation 
in HspSS (and possibly linked loci) is mild in its effect 
on expression, but strong in its effects on fitness, i.e., on 
fecundity, longevity, and most importantly, buffering 
capacity. Mutations that affect these aspects of fitness 
are likely to be selected against in nature [59]. More 
specifically, because Drosophila has very large effective 
population size in the wild [43], fitness differences much 
smaller than we detected would be visible to natural 
selection [14,59], and would lead to the eventual elimi- 
nation of mutant alleles with low fitness. 

Conclusions 

In sum, our study shows that natural variants in the 
HspSS gene can affect the fitness of flies derived from 
natural populations, regardless of their genetic back- 
ground and geographic origin. It also shows that HspSS 
is involved in the buffering of deleterious variation in 
these flies, and that this role becomes even more impor- 
tant under heat stress. And it demonstrates that Hsp90 
plays an important role in the life of flies in the wild. 

Methods 

D. melanogaster strains 

The 42 populations of D. melanogaster we examined 
were established from wild-caught flies sampled in mul- 
tiple locations around the world (see the sample infor- 
mation in Figure lA and additional file 1). Population 
Fl is represented by 24 isofemale lines from flies col- 
lected in Okayama, Japan, in 2004 (reference numbers 
OKYl-24 in EHIME-Fly, the Drosophila stock center of 
Ehime university; http://kyotofly.kit.jp/cgi-bin/ehime/ 
index.cgi). Population F2 is represented by 24 isofemale 
lines that were collected in Tokyo, Japan in 2003 (refer- 
ence numbers OGSCl-24 in EHIME-Fly). Dr. Wenxia 
Zhang at Peking University, China provided individuals 
from populations F3-F6, which are derived from natural 
populations in China. Population F7 is represented by 
five isofemale lines from Cairns, Australia, and popula- 
tion F8 by 13 isofemale lines from Melbourne, Australia. 
Flies from the populations F7 and F8 were obtained 
from Dr. Ary A. Hoffmann at the University of Mel- 
bourne. Individuals from populations FlO-11, F19 and 
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F24-25 were obtained from the Tucson Drosophila Spe- 
cies Stock Center (reference number: 14021-0231.06, 
14021-0231.04, 14021-0231.00, 14021-0231.20, 14021- 
0231.01; https://stockcenter.ucsd.edu). Individuals from 
the other 29 natural populations were obtained from Dr. 
Jean David in CNRS, France, and have been the subject 
of previous investigations [34,60,61]. All live flies for 
this study were reared on a medium of cornmeal, 
molasses, and agar at a temperature of 25°C, a humidity 
of 60 percent, and light period of 12D:12L in an envir- 
onment-controllable incubator {Adaptis AlOOO manu- 
factured by CONVIRON, Canada; http://www.conviron. 
com). 

Screening D. melanogaster populations for mutations in 
Hsp83 

To identify insertion/deletion (indel) mutations in Hsp83 
and its flanking regions, we first designed three primer 
pairs to amplify three overlapping regions covering 
Hsp83 and the 5' part of the gene CG 14965 immediately 
upstream of Hsp83, as well as the entire gene CG 14966 
immediately downstream of Hsp83 (see additional file 8 
and sequences in additional file 9 of the 3 primer pairs 
(i) CG14965-S1F and SIR, (ii) S2F and S2R, (iii) S3F 
and CG14966-S3R). With these primers we could detect 
indels through the polymorphisms they yield in the size 
of PCR amplification products. Because indel mutations 
preferentially occur in Hsp promoter regions [34], we 
also designed a primer pair to specifically amplify the 
intergenic region upstream of Hsp83, This pair consists 
of primer CG14965-S4F, which is complementary to 
DNA in the upstream gene CG 14965, and S4R, which is 
complementary to part of the 5' region of Hsp83 (See 
additional file 8 and additional file 9). We sequenced 
amplicons obtained from this primer pair that were lar- 
ger than expected from the wild-type sequence (1156 
bp), in order to confirm the identity, structure, position, 
and orientation of insertions into the promoter. We also 
applied a PCR that can specifically detect P elements in 
the Hsp83 promoter region to flies from lines where 
previous PCR analysis had revealed insertions. For this 
PCR, we used the forward primer PIA8, which is specific 
to the flanking inverted repeats of P elements, and the 
primer S4R (See additional file 8 and additional file 9). 
We estimated allelic frequencies of P element insertions 
in Hsp83 via the above two amplification reactions, i.e, 
one for indel detection in the intergenic region, another 
for the P element-specific amplification. Overall, we 
screened approximately 100 D, melanogaster individuals 
from each of the 42 populations for Hsp83 indels, for a 
total of more than 4,500 screened flies. We purified 
genomic DNA from individual adult flies with the Pure- 
gene DNA purification system (Centra Systems) accord- 
ing to the manufacturer's instructions. 



Polymorphisms in Hsp83 nucleotides and the inversion 
lnv(3L)P 

We examined single nucleotide polymorphisms in a 940 
base pair (bp) long stretch upstream of the insertion site 
in 14 mutant flies from the Okayama population, and 
found only one point mutation in a single sequence. Pri- 
mer pair PIA8 and CG14965-S1F was used for the 
amplification (See additional file 8 and additional file 9). 
In nine flies of the same population, we also examined 
nucleotide polymorphisms in a 2980 bp stretch down- 
stream of the insertion site amplified with primer pair 
PIA8 and CG14966-S3R (See additional file 8 and addi- 
tional file 9). This region covers the whole Hsp83 coding 
region and most of the downstream gene CG 14966, This 
analysis found no polymorphisms. 

To determine if the Hsp83 mutation was in linkage 
disequilibrium with the inversion Inv(3L)P, we geno- 
typed the Hsp83 mutant and wild-type lines for the pre- 
sence of the inversion following an established method 
[27]. Briefly, in this method each DNA sample is geno- 
typed by two primer pairs, one yielding a 1350 bp frag- 
ment for the standard arrangement, and another pair 
yielding a 1075 bp fragment for the inversion. To 
exclude the possibility that polymorphisms in priming 
sites yield artifactual results, we also used another geno- 
typing method [62] in which two different primer pairs 
detect the standard and inverted arrangements. We gen- 
otyped 25 flies in Okayama lines and 26 flies in Ivory 
Coast lines using both methods. 

Construction of isogenized homozygous lines 

Virgin females were collected from each of the three 
populations in which P element insertions existed in 
Hsp83 promoters. Individual females were paired with 
one male and allowed to mate in vials containing 7 ml 
of standard medium at 25°C. Adult offspring were 
removed after 5 days and genotyped as described above. 
Offspring of heterozygous parents were allowed to mate 
and reproduce further until pairs of lines homozygous 
for a P element insertion {Hsp83^'^) and for the wild- 
type Hsp83 promoter {Hsp83^'^) were established in the 
same generation. Individuals with the Hsp83^'^ or 
Hsp83^'^ genotypes were then mated inter se to obtain 
large populations of more than 200 individuals. Pair- 
wise mating among individuals of the two genotypes 
was undertaken during the population maintenance, so 
that the mutant and corresponding wild-type lines used 
in the next experiments had the same history of 
inbreeding, and did not differ in average levels of genetic 
variation. These populations of isofemale lines were 
maintained for two generations before the experiments 
described below, in bottles at a constant temperature of 
25°C, humidity of 60 percent, and light period of 
12D:12L in an incubator. Homozygous lines of the two 
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genotypes used for the measurement of fecundity, long- 
evity, and thermal tolerance were all isogenized from 
the Okayama population (See additional file 10). 

Quantitation of Hsp83 gene expression by real-time PGR 

Total RNA was purified from about 25 early 3^*^ instar 
larvae using an RNeasy Protect kit (Qiagen, Germany) 
according to the manufacturer's instructions. Equal 
amounts (1 ug) of RNA were used to synthesize first- 
strand cDNA with an Oligo(dT) primer using a reverse 
transcription kit (ABgene, Rochester, NY, USA). The 
housekeeping gene actinSSF was used as an endogenous 
control to calibrate total mRNA levels. The mRNA level 
expressed by a specific gene was measured by real-time 
quantitative PGR on an Applied Biosystems 7500 Fast 
Real-Time PGR System with SYBR® Green I dye chem- 
istry (ABgene, USA). Measurements were carried out in 
three technical replicates for each mRNA sample. The 
relative quantification of gene expression of Hsp83 and 
actinSSF was calculated by the comparative cycle thresh- 
old method (AAGT Method) according to ABFs guide 
(Applied Biosystems, USA). Primers used for quantita- 
tive PGR are listed in additional file 9. 

Construction of luciferase reporter plasmids, transient 
transfection, and dual luciferase assay 

DNA fragments containing Hsp83 wild-type and P-ele- 
ment insertion promoters were PGR-amplified from iso- 
female Unes derived from the Okayama population (See 
additional file 1, population Fl). These fragments were 
cloned into the promoter/enhancer-free pGL-3 basic 
vector (Promega), which contains a luciferase gene. To 
facilitate cloning, the PGR used primers (KpnlFl, 
Bgl2Rl; See additional file 9) designed to introduce 
restriction sites into the amplified fragments. The ampli- 
fied region begins 714 bp upstream and ends 35 bp 
downstream of the transcription start site (See addi- 
tional file 2A). The methods for construction of lucifer- 
ase reporter plasmid were the same as in [35]. 

Two types of Drosophila cells, S2R+ and Kc cells [49], 
were transfected with pGL3-basic vector DNA with 
insert, or without insert for control experiments in 96- 
well plates. Both a firefly luciferase reporter gene con- 
struct (200 ng) and a pRL-SV40 Renilla luciferase con- 
struct (10 ng; for normalization) were co-transfected in 
each well. After transfection, cells were incubated at 25° 
G for 12 h, placed in a cell incubator at either 36.5°G 
(heat shock) or 25°G (control) for 5 min, transferred to 
a 25°G cell incubator for 30 min, and harvested by cen- 
trifugation. The luciferase activity was then measured 
using the Dual-Luciferase Reporter Assay System (Pro- 
mega, USA) according to the instruction manual. Four 
replicate cell lines were prepared and assayed for each 
treatment. The intensity of the firefly luciferase signal is 



reported here as the ratio of averaged firefly to Renilla 
luciferase luminescence. 

Competition assay for relative fitness determination 

Relative fitness of Hsp83 wild-type {Hsp83^'^) and P-ele- 
ment insertion lines {Hsp83^'^) was measured in a bottle 
with competing flies of both genotypes. To make sure 
that the relative competitive ability of the parental 
females in this experiment was due to genetic rather 
than environmentally induced effects, all parental flies 
were raised at the same sex ratio (1:1), population den- 
sity (-150 flies per bottle), age, temperature (25°G) and 
humidity (60 percent). Two different types of competi- 
tion assays were performed to measure relative fitness. 
The first used a population of competing flies with an 
initial 1:1 ratio of the two genotypes, i.e., with 50 
Hsp83^^^ and 50 Hsp83^'^ virgin adults. For this assay, 
three parallel competition populations were established 
with flies derived from three different populations, one 
from Okayama (population Fl in additional file 1), one 
from Tokyo (population F2), and one from the Ivory 
Goast (population F3). The second assay used three 
populations of competing flies with different proportions 
of mutant and wild-type flies from the Okayama popula- 
tion. The three competition populations initially con- 
tained 10 percent, 30 percent, and 50 percent 
homozygous P-insertion genotypes. Specifically, the first 
population was established by mixing 10 Hsp83^^^ with 
90 Hsp83^'^ adults, the second population by mixing 30 
Hsp83^^^ with 70 Hsp83^'^ adults, and the third by mix- 
ing 50 Hsp83^^^ with 50 Hsp83^'^ adults. 

From each of these populations flies were transferred 
every two days to a new bottle to lay eggs. One hundred 
virgin offspring flies randomly taken from over 600 flies 
grown in bottles from three consecutive time points, 
each between three and seven days old, were mated to 
found the next generation. All populations were cul- 
tured for 5 consecutive generations. Adult offspring in 
each generation were frozen for genotyping after they 
laid eggs. Thirty to fifty flies of males and females were 
genotyped in each generation. Since no difference in the 
frequency of alleles that carry P-element insertions was 
observed between males and females, the allele fre- 
quency was calculated for a mix of both sexes. The 
change in frequency of P-element carrying alleles was 
used to estimate the relative fitness of individuals with 
such insertions. 

Fecundity 

Five isofemale lines homozygous for the insertion 
{Hsp83^^^) and five male lines homozygous for the wild- 
type {Hsp83^'^), all of them established from the 
Okayama population, were subjected to the following 
procedure. Five females were collected as virgins and 
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placed, one day after eclosion, with five males in glass 
vials containing 7 ml of standard medium to which 
powdered yeast had been added. The ten flies were then 
transferred to a fresh vial every 48 hours until no eggs 
had been laid in two consecutive seeding vials. Adults 
eclosing from each vial were censused daily until eclo- 
sion ceased. All offspring from each mating were 
counted as a measurement of female fecundity. This 
procedure was carried out three times independently for 
each of the 10 lines. Fecundity measurements in 
inbreeding lines were performed as described below. 

Longevity 

Five isofemale lines homozygous for Hsp83^'^ and five 
homozygous for Hsp83^'^ were used for the longevity 
measurement. Forty flies of the same sex and same age 
from each of the ten lines were reared in glass vials con- 
taining 7 ml of standard medium, and transferred to 
new medium every two days. During this time, dead 
flies were counted and removed. This procedure (trans- 
fer, counting and removal of dead flies) was continued 
until all flies had died. 

Thermal stress tolerance 

To determine basal thermal tolerance, three-day-old 
adults were heat-shocked in a 40.3°C water bath for 30 
minutes, and survival was checked after 24 hours' recov- 
ery at 25°C. To determine induced thermal tolerance, 3- 
day old adults were first pretreated at 29.0°C for 20 
minutes, followed by a 40 minute treatment at 36.5°C to 
maximally induce Hsp83 expression [40], and a subse- 
quent 30 minute heat-shock treatment at 40.3°C. For 
these treatments, samples of about 30 flies were placed 
in glass vials containing 7 ml of standard medium, and 
the vials were submerged in water baths at the tempera- 
tures described. Flies were tallied as survivors if, after 24 
hours at 25°C, they responded to gentle brush prodding. 
The flies subjected to these treatments came from each 
of 13 to 20 Okayama isofemale lines, and included indi- 
viduals of both sexes. 

Continuous inbreeding and outbreeding 

From each of the three natural populations from 
Okayama, Tokyo, and Ivory Coast (See additional file 1), 
seven isogenic lines (Iso-1 to Iso-7) homozygous for 
Hsp83 wild-type {Hsp83^'^) and for Hsp83 mutants 
{Hsp83^'^), respectively, were established in the standard 
isogenization method described above. Four 3-day-old 
virgin females and four 3-day-old males of an isofemale 
line were mated in a vial to generate the first generation. 
The 8 flies in the vial were transferred to a new vial 
with fresh food every other day. The transfer continued 
for 30 days or until no hatched larvae were visible in 
the vial. Adults eclosing from each vial were censused 



every other day until eclosion ceased. To generate the 
second generation, four females and four males collected 
on the sixth eclosing day within an isofemale line were 
sexed, separately reared for 3 days, and then mated in a 
vial to lay eggs. Using this protocol, the inbreeding 
experiments proceeded for 4 generations at 25 (± 0.2) °C, 
and for 3 generations at 28.0(± 0.2)°C. At the higher 
temperature, the mutant lines ceased to reproduce in 
the second generation (See the experimental design in 
additional file 6). All offspring from each quadri-mating 
were counted to estimate female fecundity. 

For the outbreeding experiment, virgin adult offspring 
of the two genotypes {Hsp83^'^ and Hsp83^'^) derived 
from the second generation of the above inbreeding 
experiment at 28°C were collected from all seven isofe- 
male lines of the Ivory Coast population (Iso-1 to Iso-7). 
They were then outbred at 28°C according to the 
experimental design shown in additional file 7. Specifi- 
cally, two different outbreeding regimes were applied. 
First, to investigate if relieving inbreeding can restore 
the fertility loss caused by P-element insertion into 
Hsp83 under stress, flies from two of the seven isofe- 
male lines within each genotype were crossed. In total 
seven crosses were established from the seven inbred 
isofemale lines within each genotype. Second, in an 
attempt to rescue the Hsp83 down-regulation in mutant 
lines, flies of two lines from each of the two genotypes 
were crossed. Since Hsp90 is essential for both oogen- 
esis and spermatogenesis [55,56,63,64], between-geno- 
type crosses were only performed between mutant 
females and wild-type males, but not reciprocally. Over- 
all, seven between-genotype crosses were established 
from flies of the seven inbred isofemale lines. In each 
cross, four 3-day-old females and four 3-day-old males 
were mated in a vial. The eight flies in the vial were 
transferred to a new vial with fresh food every other day 
for a total of 30 days. Adults eclosing from each vial 
were censused every other day until eclosion ceased. 
Then female fecundity was measured by examining the 
number of offspring from each cross as described in 
previous sections. 

Data analysis 

For longevity, fecundity and thermal tolerance, the 
effects on the mean phenotype of genotype {Hsp83^^^ 
and Hsp83^'^) and line within each genotype were 
tested using a nested one-way analysis of variance with 
genotype as a fixed factor, and the line nested within 
genotype as a random variant. Separate ANOVAs were 
performed for males and females. A Kruskal-Wallis non- 
parametric test was performed instead when the var- 
iances are different between genotypes. Independent- 
sample t-tests were performed to examine whether 
fecundity differed significantly between the first 
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generation on the one hand, and the second to fourth 
generation of inbreeding at 25°C and 28°C, on the other 
hand. Levene's test [65] was used to determine if a given 
number k of samples had equal variances. 

Additional material 



to establish between-line crosses. In addition, virgin females from one 
mutant line and males from a wild-type line were mated to set up 
between-genotype crosses. In total, seven between-line crosses for each 
genotype and seven between-genotype crosses were established. In 
each cross, four 3-day-old females and four 3-day-old males were mated 
in a vial. The eight flies in the vial were transferred to a new vial with 
fresh food every other day for 30 days. Adults eclosing from each vial 
were censused every other day until eclosion ceased, x indicates 
crossing. (B) female fecundity from crosses between lines and crosses 
between genotypes. Independent-sample t-tests were performed to 
calculate significance of fecundity difference between two crosses. 
Asterisks (*) indicate significant differences at p < 0.05 in these tests. 

Additional file 8: Figure S5. Position of primers located in the 
chromosome region containing the genes CGI 4965, Hsp83, and 
CGI 4966. Filled areas correspond to genes (black bars) and to a P 
element (red triangle). The tapered ends of black bars indicate the 
direction in which a gene is transcribed. Primers are described in 
Materials and methods. The arrow near each primer indicates the 
primer's 5' > 3' direction. Primer sequences are shown in additional file 1 
The sequence is drawn to scale. 

Additional file 9: Table S4. Sequences of the primers used in 
Materials and Methods. 

Additional file 10: Table S5. Fly populations and isofemale lines 
used for trait measurements. 
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